Cholesterol efflux is regulated by cholesterol transporters, including adenosine triphosphate-binding cassette transporters, A1, G1 (ABCA1, ABCG1), and scavenger receptor class B type I (SR-BI). We have investigated whether the expression of these transporters/receptor is altered in patients with hypertension and also studied their functional effects in cholesterol efflux. The newly diagnosed hypertensive patients, as well as age-and gender-matched healthy controls were recruited. mRNA of ABCA1, ABCG1 and SR-BI in monocytes was measured. The functional effects of the three transporters/receptor and cholesterol efflux from monocyte-derived macrophages ex vivo were also determined. The expression of ABCA1 and ABCG1 was significantly decreased in the newly diagnosed untreated hypertensive patients compared with that in healthy controls. The levels of ABCA1 and ABCG1 were negatively associated with blood pressure, and the reduction of ABCA1 and ABCG1 could be reversed by antihypertensive therapy. No significant associations between plasma lipids, oxidized low-density lipoprotein (LDL) and the expression of ABCA1 or ABCG1 were found. Cholesterol efflux from monocyte-derived macrophages to autologous serum, apolipoprotein AI (apoAI) or high-density lipoprotein (HDL) was impaired in hypertensive patients. Cholesterol efflux to autologous serum or apoAI was associated with the expression of ABCA1, whereas cholesterol efflux to autologous serum or HDL was associated with the expression of ABCG1. The expression of ABCA1 and ABCG1 in monocytes is reduced in hypertensive patients, which could be reversed by anti-hypertensive therapy. The reduction in ABCA1/ABCG1 is associated with the impairment of cholesterol efflux from monocyte-derived macrophages.
INTRODUCTION
Reverse cholesterol transport (RCT) is a pathway that transports cholesterol from extrahepatic cells and tissues to the liver for excretion, and cholesterol efflux represents the first critical step of RCT. 1 Specifically, cholesterol efflux from macrophages represents only a small fraction of the overall cellular cholesterol efflux, but it is probably the most important with regard to atherosclerosis, and it has recently been termed macrophage RCT, as excess lipid accumulation within macrophages in the peripheral artery wall may lead to foam cell formation. 1 Cholesterol efflux is a complex process that involves at least two aspects, namely extracellular cholesterol acceptors, mainly referring to high-density lipoprotein (HDL) and cellular cholesterol transporters/ receptors. Macrophage adenosine triphosphate (ATP)-binding cassette transporters A1, G1 (ABCA1, ABCG1) and scavenger receptor class B type I (SR-BI) are the three best-characterized cellular transporters/ receptor that are involved in determining the macrophage cholesterol efflux in vitro and in animal models. 2,3 ABCA1 mediates cholesterol efflux from macrophages to lipid-free/poor apolipoprotein AI (apoAI), whereas ABCG1 mediates the macrophage cholesterol efflux to phospholipids containing HDL particles in vitro. SR-BI is expressed in hepatocytes and macrophages and also mediates cholesterol efflux to mature HDL in vitro.
Hypertension is associated with an increased risk of atherosclerosis and cardiovascular diseases (CVDs). However, few studies on cholesterol efflux and RCT in hypertensive conditions have been carried out. It has been well established that the HDL cholesterol level is strongly inversely associated with CVD. 4, 5 Not only the HDL level, but also HDL compositions may account for the protective activity of HDL. 6 It has been reported that the HDL concentration of patients with hypertension does not differ from that of healthy controls, but the phospholipid compositions of HDL are altered, which may impair the functional capacity of HDL in inducing cholesterol efflux. 7 On the cellular aspects of cholesterol efflux, no studies regarding the expression of the three important transporters/receptor of ABCA1, ABCG1 and SR-BI, and their functional effects of cholesterol efflux in hypertensive conditions, have been carried out. Therefore, the aims of this study were to investigate whether the expression of ABCA1, ABCG1 and SR-BI in peripheral blood monocytes was changed in hypertensive patients, as well as its alteration on anti-hypertensive therapy, and to determine whether these alterations might affect cholesterol efflux from monocyte-derived macrophages ex vivo.
METHODS
The study was approved by the Ethics Committee of the College of Medicine, Zhejiang University, China, and informed consent was obtained from each participant. We certify that all applicable institutional and governmental regulations regarding the ethical use of human volunteers were followed-up during this research. Hypertensive patients and healthy controls were recruited to compare the difference in the expression of ABCA1, ABCG1 and SR-BI. We also followed-up the alteration of these transporters/receptor after controlling their blood pressure compared with that before anti-hypertensive therapy in our hypertensive patients. Specifically, 20 newly diagnosed hypertensive patients and 20 age-and gender-matched healthy controls were recruited from the community during their annual examination. All patients were confirmed to have no other known diseases, including diabetes, obesity, CVD, dyslipidemia, thyroid diseases, renal diseases, chronic respiratory diseases or any other acute and chronic disease conditions, or any current infectious condition. Primary hypertension was diagnosed according to the following criteria: (1) age 445 years; (2) the family history of hypertension is positive; (3) systolic pressure X150 mm Hg, and/or diastolic pressure X95 mm Hg, which was measured at resting condition and confirmed thrice on different days; (4) none of the patients had ever used anti-hypertensive drugs. The patients were subjected to anti-hypertensive therapy, including diet, physical activities and Nifedipine Sustained-release Capsules (Yangtze River Pharmaceutical Group, Jiangsu, China) for 3 months. We chose nifedipine because it was relatively affordable for the general Chinese population and its anti-hypertensive effects were fairly good for newly diagnosed patients with hypertension. Most importantly, it has been reported that there is no direct effect of nifedipine in modulating the expression of ABC transporters, 8 which might help to exclude potential confounding factors to observe the relationship between ABC transporters and blood pressure. The dosage of nifedipine was 20-60 mg daily according to the blood pressure level individually.
Age, gender, weight, height, waist, blood pressure, history of smoking and medications were recorded. Body mass index (BMI) was calculated as weight (kg) per squared height (m 2 ). The mean blood pressure was calculated as diastolic pressure+1/3Â(systolic pressureÀdiastolic pressure). An adjustment of the potential confounding factors was made in comparison of mean difference or multiple analyses. Blood samples were taken after an overnight fast. The samples were centrifuged, and plasma and serum levels were aliquoted and immediately frozen at À80 1C. Plasma levels of total cholesterol, triglyceride, HDL cholesterol and low-density lipoprotein (LDL) cholesterol were obtained from clinical records. Plasma-oxidized LDL was measured using the oxidised LDL ELISA kit (Mercodia, Winston Salem, NC, USA). All the measurements were made before and after anti-hypertensive therapy.
Peripheral blood monocytes were isolated as described earlier with slight modifications. 9 Briefly, 40 ml of fasting blood sample was collected from each patient using 4 ml of 3.8% of sodium citrate as the anti-coagulant. Blood monocytes were isolated using Ficoll-Paque solution (Amersham Biosciences, Piscataway, NJ, USA) according to the manufacturer's instructions. Briefly, the blood sample was layered carefully on the Ficoll-Paque solution and thereafter centrifuged at 400 g for 30 min at 18-20 1C. Mononuclear cells at the interface were collected, washed thrice with sterile phosphate-buffered saline (PBS) and then re-suspended with RPMI 1640 culture medium (Gibco, Grand Island, NY, USA). Mononuclear cells in the medium were added to culture plates and incubated in a cell culture incubator for 2-3 h. Unattached lymphocytes were removed gently. The purity of the attached monocytes was initially assessed morphologically under light microscopy, and then by non-specific esterase staining and sodium fluoride inhibition test (positive rate 485%), and cell viability was measured by the trypan blue exclusion test (viable rate 490%). The specificity and sensitivity of this method in determining monocyte purity is comparable with the method of fluorescence activated cell sorting. 10 Monocytes were collected for cholesterol efflux assay immediately or stored at À70 1C for RNA extraction and for real-time quantitative PCR.
Cholesterol efflux from monocyte-derived macrophages was evaluated as the functional effects of the three cellular transporters/receptor as described earlier, with slight modifications. 9 The attached monocytes were differentiated into macrophages ex vivo by incubating in the RPMI 1640 medium containing 10% autologous serum for 6 days according to Gianturco et al. 11 Thereafter, cellular cholesterol was labeled with tracer [3H]cholesterol (Amersham Biosciences) for 24 hrs, and the final concentration of the tracer was 1 mCi, 0.01 mg/well, 10 6 mononuclear cells. Autologous serum was diluted to 5% with culture medium and used to induce cholesterol efflux from the labeled cells for 4 h. Cholesterol efflux, expressed in percentage, was calculated as the count in the medium divided by the total count of medium and cells in each well. Each sample was determined in triplicate. A similar assay of cholesterol efflux was repeated when using apoAI (Biodesign, Saco, ME, USA) 20 mg ml À1 , or HDL (isolated from a pool of normal plasma by ultra-centrifugation) 50 mg ml À1 as a cholesterol acceptor instead of 5% autologous serum. The levels of cholesterol efflux to various cholesterol acceptors were subtracted by the basal level of cholesterol efflux (no additional cholesterol acceptor was contained in the medium). Monocyte isolation and cholesterol efflux assay were assayed by the same experimenter to minimize the variation and five samples could be handled within 1 day at the maximum. A volume of 20-ml blood was collected from the experimenter herself as a reference sample, and cholesterol efflux from her macrophages to autologous serum, apoAI or HDL was measured side-by-side on each day. Cholesterol efflux carried out on different days was normalized to the reference level, which was always included on each day. The interassay coefficient of variation was 6.1%.
Total RNA was extracted using Total RNA Extraction Miniprep System (Viogene, Sunnyvale, CA, USA) according to the protocol provided by the manufacturer and quantified spectrophotometrically. cDNA was synthesized using TaqMan reagents (Applied Biosystems, Framingham, MA, USA) according to the manufacturer's instructions. The mRNA level was determined according to Zhou et al. 9 with slight modifications. Briefly, commercial primer/probe sets for target genes ABCA1 (Hs00194045_m1), ABCG1 (Hs00245154_m1), SR-BI (Hs00194092_m1) and endogenous reference gene, GAPDH, were used. PCR was performed in 96-well plates using 50 ng cDNA mixed with primers, probes and Taqman Universal PCR Master Mix (Applied Biosystems) in a total volume of 50 ml in an ABI PRISM 7700 sequence detector (Applied Biosystems Inc., Austin, TX, USA). All cDNA samples were assayed in duplicate. Each target gene and GAPDH was assayed on the same samples in separate tubes. This allowed standardization of the amount of target gene to the internal reference gene to control for different amounts of cDNA used. The standardized target gene was then compared with a reference sample and expressed as folds of the reference sample.
Numerical data were expressed as mean and s.d. Data that were not normally distributed were logarithmically transformed before analyses were performed. Mean differences of continuous variables were evaluated using Student's t-test between two independent groups of healthy controls and untreated hypertensive patients, or using a paired t-test between two dependent groups before and after anti-hypertensive therapy. The w 2 -test was used to compare differences in the proportions between groups. Pearson's correlations were used to test the relationship between two variables, and the linear regression model was used to assess the relationships between multiple variables simultaneously. P-value o0.05 was considered as statistically significant.
RESULTS
The general characteristics and lipid profile of the patients are shown in Table 1 . Age and gender were matched between the two groups. The proportion of smokers and BMI was not significantly different between the two groups. As expected, both systolic pressure and diastolic pressure were significantly higher in hypertensive patients compared with that in healthy controls. Plasma levels of total cholesterol, HDL, LDL and triglycerides were comparable between healthy controls and hypertensive patients. Circulating oxidized LDL was significantly increased in untreated hypertensive patients compared with that in healthy controls. Oxidized LDL tended to be decreased after anti-hypertensive therapy, but it did not reach statistical significance.
Peripheral blood monocytes mainly expressed ABCA1 and ABCG1, and the expression of SR-BI was relatively low (Figure 1 ). There was a significant reduction in the mRNA levels of ABCA1 and ABCG1 in untreated hypertensive patients compared with that in healthy controls (Figure 1) , which remained significant after adjusting for age, gender and smoking status. In contrast, the level of SR-BI was comparable between the two groups ( Figure 1) .
On correlation analysis, mRNA levels of ABCA1 and ABCG1 were correlated with mean blood pressure in all the subjects of healthy controls and untreated hypertensive patients (Figure 2 ). We have also analyzed the correlations within each separate group, and found similar associations between the expression of ABCA1/ABCG1 and blood pressure (Table 2) . However, some of them did not reach statistical significance, which might be because of the relatively small sample size. No significant association between the expression of SR-BI and blood pressure was found. We also did not find any significant associations between plasma lipids, oxidized LDL and the expression of ABCA1, ABCG1 and SR-BI (Table 2) . Further multiple regression analysis showed that mean blood pressure was an independent determinant of ABCA1/ABCG1 mRNA expression, after adjusting potential confounding factors, such as age, gender, BMI, smoking, alcohol drinking and the mean daily dosage of nifedipine (Tables 3  and 4) .
The above correlation and multiple regression analysis suggested that the reduction of the ABCA1/ABCG1 expression in hypertensive patients might be, at least partially, because of high blood pressure. To confirm this, we also measured the expression of ABCA1 and ABCG1 in hypertensive patients after anti-hypertensive therapy. The levels of ABCA1 and ABCG1 were increased after blood pressure was controlled by nifedipine (Figure 1) . It was noted that the alteration of ABCA1/ ABCG1 expression was not related to the mean daily dosage of nifedipine, which was consistent with an earlier report that nifedipine may not directly modulate the expression of ABC transporters. 8 To determine whether the reduction of the ABCA1/ABCG1 expression in hypertensive patients might have a functional effect, cholesterol efflux from monocyte-derived macrophages to various cholesterol acceptors was measured. Cholesterol efflux from monocyte-derived macrophages to autologous serum, apoAI or HDL was reduced in hypertensive patients compared with that in healthy controls. Cholesterol efflux from monocyte-derived macrophages to autologous serum, apoAI or HDL in hypertensive patients was increased after anti-hypertensive therapy compared with that before therapy ( Figure 3) .
Furthermore, cholesterol efflux to autologous serum was associated with the expression of ABCA1 and ABCG1, but not with that of SR-BI (Table 5) . As ABCA1 mainly mediates cholesterol efflux to lipid-free apoAI, and ABCG1 mainly mediates cholesterol efflux to mature HDL, we measured cholesterol efflux from monocyte-derived macrophages using apoAI or HDL as cholesterol acceptors instead. As expected, cholesterol efflux to apoAI was associated with the expression of ABCA1, but not with that of ABCG1 and SR-BI (Table 5) . Cholesterol efflux to HDL was associated with the expression of ABCG1, but not with that of ABCA1 and SR-BI (Table 5 ). These findings suggest that the reduction of ABCA1 might lead to the impairment of cholesterol efflux from monocyte-derived macrophages to apoAI, and the reduction of ABCG1 might lead to the impairment of cholesterol efflux from monocyte-derived macrophages to HDL. As a result, the reduction of ABCA1/ABCG1 might lead to the impairment of cholesterol efflux from monocyte-derived macrophages to autologous serum ex vivo, which mimic an early step of macrophage RCT.
DISCUSSION
Cellular cholesterol efflux, being the first step of RCT, plays an important role in reducing the accumulation of lipids in the arterial wall and in preventing the development of atherosclerosis. It has recently been shown that cholesterol efflux from mouse macrophages in vivo is mainly mediated by ABCA1 and ABCG1, but not by SR-BI. 12 This is the first study to examine the expression of these three major cholesterol transporters/receptor in human hypertensive patients. We have found that among the three cellular cholesterol transporters/ receptor in our human patients, ABCG1 expression was the most abundant, followed by ABCA1, whereas the level of SR-BI expression was relatively low, which is consistent with the earlier finding by Zhou et al. 9 We have clearly shown that the expression of ABCA1 and ABCG1 was significantly reduced in the newly diagnosed hypertensive patients, whereas the level of SR-BI was similar to that in healthy controls. Furthermore, we found that blood pressure level was negatively associated with the expression of ABCA1 and ABCG1, and anti-hypertensive therapy could reverse the reduction of ABCA1 and ABCG1 levels in these hypertensive patients. In this study, we had compared the expression of ABC transporters between healthy controls and untreated hypertensive patients, as well as that in hypertensive patients between before and after anti-hypertensive therapy. If we had also followed-up those healthy controls for the second visit, more information about whether anti-hypertensive therapy could reverse ABCA1/ABCG1 to a normal level could be obtained. This is a limitation of our experimental design and should be improved in our future work. It is noted that nifedipine itself might not directly modulate the expression of ABC transporters, as we found that the alteration of ABCA1/ABCG1 expression was not related to the mean daily dosage of nifedipine, which was consistent with an earlier report by Hasegawa et al. 8 These findings suggested that the reduction of the ABCA1/ ABCG1 expression in our patients might be because of their hypertensive condition. The regulation of macrophage ABCA1 and ABCG1 expression is responsive to cell cholesterol status, and cholesteroldependent transcription is mediated through the activation of peroxisome proliferator-activated receptor-g (PPARg) and liver X receptor-a (LXRa). 13, 14 It has been reported that PPARg expression is decreased in the lung tissue from patients with pulmonary hypertension, and high fluid shear stress can decrease its expression in culture cells in vitro. 15 As it has been widely known, PPARg agonists (known as thiazolidinediones) can significantly reduce subsequent cardiovascular event rates in hypertensive patients. [16] [17] [18] Our data give a clue that one of the underlying mechanisms through which PPARg agonists show their cardiovascular actions might be through the activation of PPARg:LXRa and the subsequent induction of their target genes of ABCA1/ABCG1.
We also found that circulating oxidized LDL, an endogenous LXR agonist, increased in hypertensive patients, and that oxidized LDL was not correlated with the levels of ABCA1/ABCG1. These findings suggested that the expression of ABCA1/ABCG1 in our hypertensive patients might also be regulated through the LXR-independent pathway. It has been reported that reactive oxygen species (ROS) and advanced glycation end products (AGEs) might be involved in the regulation of ABC transporters through LXR-independent mechanisms. 19, 20 In both animal models and in humans, increased blood pressure has been associated with oxidative stress and the generation of ROS; 21 ROS is involved in the downregulation of ABCA1 expression in macrophages, 19 which might be a potential underlying mechanism, whereby the expression of ABCA1 decreased in hypertensive conditions. AGEs are also associated with hypertension, 22 and may reduce the expression of ABCG1 in vitro, 20 as well as in type II diabetic patients. 9 Further investigation of the association between the reduction of ABCA1/ABCG1 in hypertensive patients and the elevation of ROS or AGEs might lead to a better understanding of the potential LXR-independent mechanisms in regulating ABCA1/ABCG1 in these patients.
The impairment of ABC transporters might not only lead to cholesterol deposition in monocyte/macrophages to form foam cells, Figure 3 Cholesterol efflux from monocyte-derived macrophages to 5% autologous serum, apoAI (20 mg ml À1 ), or HDL (50 mg ml À1 ) in the respective group of healthy controls, hypertensive patients before and after therapy. Cholesterol efflux to various cholesterol acceptors had been subtracted by the basal level of cholesterol efflux, which was referred to as cholesterol efflux when no additional cholesterol acceptors were contained in the medium. Data were expressed as mean±s. but might also relate to vascular injury in hypertensive patients. Accumulated evidence has indicated that atherogenesis is initiated by the interplay between cholesterol metabolism and cellular secretion of various cytokines. 23 Cholesterol lowering might have an immune modulation in the equilibrium between sub-populations of T-helper cells 24 and improve endothelial function, 25 and cholesterol accumulation is considered to be associated with an inappropriate immune response to vascular injury. 25 Our data suggest that monocyte cholesterol homeostasis was disturbed in our hypertensive patients because of the reduction of ABC transporters, which might potentially influence the function of monocytes and initiate vascular injury in these hypertensive patients.
Owing to the limited amount of blood monocytes isolated from each patient, the protein level of ABCA1, ABCG1 and SR-BI in monocytes was not measured in our study. However, we have carried out functional studies to see whether the alteration of mRNA expression in the three transporters/receptor might lead to the impairment of cholesterol efflux from monocyte-derived macrophages. We used autologous serum to induce cholesterol efflux from monocyte-derived macrophages to mimic an in vivo situation. Cholesterol efflux from macrophages to autologous serum, which mimics an early step of macrophage RCT, was significantly decreased in our hypertensive patients, and it was associated with the level of ABCA1 and ABCG1, but not with that of SR-BI. To further verify cholesterol efflux mediated by ABCA1 or ABCG1, we also used pure particles of apoAI as cholesterol acceptors to measure ABCA1-mediated cholesterol efflux. We found that cholesterol efflux from macrophages to apoAI was decreased in hypertensive patients, which was associated with the expression of ABCA1, suggesting that the reduction of ABCA1 might lead to the impairment of its corresponding functional effect in cholesterol efflux to apoAI. Similarly, we also found that cholesterol efflux from macrophages to HDL was decreased in hypertensive patients, which was associated with the expression of ABCG1, suggesting the reduction of ABCG1 might also lead to the impairment of its corresponding functional effect in cholesterol efflux to HDL.
There are several limitations in our study. Similar to the earlier report by Zhou et al., 9 we could only measure the expression of ABCA1, ABCG1 and SR-BI in peripheral blood monocytes because these cells are easily accessible. However, the expression of these molecules in peripheral blood monocytes may not directly reflect the expression level in macrophages in the arterial wall. As the expression of ABCA1, ABCG1 and SR-BI might be altered during the differentiation of monocytes to macrophages in vitro, [26] [27] [28] mRNA was determined in freshly isolated blood monocytes for determining the basal level of gene expression in vivo. As it has been found in an earlier report that ABCA1 mRNA and ABCA1 protein were hardly detectable in monocytes, 29 in this study, we used a more sensitive method of real-time quantitative RT-PCR (reverse transcription-PCR) to detect the mRNA expression of ABCA1/ABCG1. However, the protein levels of ABC transporters and SR-BI in monocytes isolated from each patient could not be determined because of the limited amount of monocytes and the hardly undetectable protein level as described by Zhou et al. 29 Therefore, we have carried out functional studies to determine whether the reduction in the mRNA level was accompanied by a functional effect of the impairment of cholesterol efflux.
In summary, although hypertension is an important risk factor for the development of atherosclerosis, the underlying mechanisms are incompletely described. Our data suggest that the two important ABC transporters in the RCT pathway were reduced in hypertensive patients, which was associated with the mean blood pressure level and could be reversed by anti-hypertensive therapy. The reduction of ABCA1/ABCG1 had functional effects of impaired cholesterol efflux from monocyte-derived macrophages; hence, the impaired RCT might at least partially contribute to the increased risk of atherosclerosis in these patients. We recruited our hypertensive patients, who were newly diagnosed as primary hypertensives during their annual examination. These findings suggested that even at the early stage of hypertension, macrophage RCT might be impaired, which might accelerate the process of atherosclerosis in these patients.
In conclusion, the expression of ABCA1/ABCG1 in peripheral blood monocytes is reduced in hypertensive patients, which is associated with the impairment of cholesterol efflux from monocyte-derived macrophages, and may potentially contribute to accelerated foam cell formation, vascular injury and atherogenesis in these patients.
